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MgB,, the recently discovered high temperature super-
conductor, is considered from the perspective of first
principles electronic structure and phonon calcula-
tions. The discrepancies in the estimated quantities
related to its superconductivity vis-a-vis their experi-
mental values, and reasons thereof are discussed. We
predict hole-doped light-atom compound MgB,C, to
be a strong candidate for high temperature supercon-
ductivity. Anomalous high pressure behaviour seen in
MgB; near 18 GPa is discussed, and we have demon-
strated for the first time by calculating the high pres-
sure electronic structure with frozen-in phonon-mode
displacement of atoms, that phonon-assisted elec-
tronic topological transition is the probable cause of
the anomaly.

THE discovery of superconductivity' with remarkably high
transition temperature in the binary compound MgB,,
with 7.~ 39 K has initiated extensive studies of this
compound. At ambient conditions, MgB, crystallizes in
the layered hexagonal AlB, type structure, where B atoms
form a primitive honeycomb lattice consisting of graph-
ite-like sheets separated by hexagonal layers of Mg atoms.
Boron isotope effect’ has been observed in MgB, giving
credence to the belief that the pairing mechanism leading
to superconductivity is of phononic origin. On substitut-
ing Al for Mg it is found’ that 7, decreases. Another in-
triguing feature of this compound is that spectroscopies,
which probe the superconducting gap, have reported con-
flicting results. Thus some measurements have seen™ a
single gap, whereas others®’ have measured two different
gaps. The inplane penetration depth in this compound is
measured® to be ~1000 A whereas the coherence length
is found’ to be 70 A.

A natural question that arises is whether studies of the
electronic band structure of this material combined with
BCS theory or its strong coupling variant can account for
the superconducting state properties of this compound.
As the active electrons at the Fermi energy are primarily
s and p electrons from the boron atoms it seems likely
that unlike in the case of other high temperature super-
conductors, band theory might work in this case. In our
work, described below, we find that although electronic
structure gives a good description of the structural prop-
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erties of MgB, it is inadequate when it comes to a detai-
led and quantitative description of the superconducting
state properties.

The study of 7, variation with pressure has tradition-
ally been important in the studies on superconducting
materials. As 7, depends on the electronic energies, phonon
frequencies and the electron—phonon coupling con-
stant,—all of which are fundamental to a proper descrip-
tion of the properties of a superconductor—, the high
pressure studies generally focus on these quantities. Re-
cent Raman measurements'®'" in MgB, at high pressure
reveal a phonon anomaly near a pressure of 18 GPa. Fur-
ther, reduction in the 7, variation with pressure, which is
believed to be a direct consequence of the hardening of
the E,, phonon mode, was also observed near 18 GPa.
For further verification, the resistance measurements '’
were carried out in our laboratory, which show an anom-
aly around the same pressure, thus corroborating the obser-
ved phonon anomaly.

As is well known, first principles calculations have
contributed significantly in explaining many important
phenomena, including resolving controversies, and design-
ing novel materials with tailored physical properties. With
application of pressure, the interplay between experi-
ments and first principles calculations has significantly
contributed to improvements of techniques in both of
them'. In fact, though superconductivity in MgB, itself
was not predicted a priori, the ab initio calculations have
shown'* as to why its T, falls at high Al doping concen-
tration. It is concluded that the ¢-band electron coupling
to £, mode phonons dictates 7. These calculations have
also shown that different anharmonic terms have signifi-
cant contributions to k&,, mode phonon frequencies’. We
present here the first principles calculations on electronic
states and zone centre phonon frequencies (relevant to
the Raman data) of MgB, at normal and high pressures,
in an effort to understand the observed anomaly, men-
tioned above, in more detail. We also focus on the fro-
zen-in E,, phonon mode displacement effect on the
electronic structure, which indicates the phonon assisted
Electronic Topological Transition (ETT)'® as a possible
origin of the high pressure anomaly. Our detailed normal
and high pressure first principles calculations for the un-
derstanding of the complicated nature of the simple com-
pound MgB, points out to some extent, the limitations of
the current ab initio methods, even at ambient pressure.
Further, the high pressure effects, like variation of anhar-
monic and nonlinear terms under compression, provide
further stringent tests of the contemporary theoretical
methods. The discrepancies of the quantities predicted by
these calculations with the experimental data provide
new avenues for further theoretical and computational
developments, and improve their predictive powers.

The discovery of high temperature superconductivity
in MgB, has revived the paradigm of making compounds
with light elements as a possible route to high supercon-
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ducting transition temperatures. In spite of some limita-
tions of the first principles calculations in obtaining
quantitative agreements with measured properties in the
compounds belonging to MgB, family, predictions are
still feasible by considering some key quantities like den-
sity of states at Fermi level etc.'”'®. Some proposals
made in this context are alkali-doped'® MgB, and hole-
doped19 Li-deficient Liy; BC. In the former case it has
not been possible to make the compounds whereas in the
latter case, the material is not even metalliczo, presuma-
bly due to disorder induced in the doping process. As an
alternative effort in this regard, we have considered hole-
doped MgB,C, as a designer material for achieving high
temperature superconductivity by carrying out the requi-
red ab initio electronic structure calculations for our pre-
diction. Our results are interesting because this material
is expected to be structurally more stable in the doping
process than LiBC as the hole doping in it is by replacing
the Mg atoms by some other monovalent atoms, in con-
trast to creating vacancies at the Li sites in LiBC.

We first describe below, the ab initio electronic struc-
ture studies on MgB, at ambient pressure, and the esti-
mates of its properties related to superconductivity, and
point out the quantitative disagreements with the meas-
ured values to clarify the complexity in the nature of its
superconductivity. We then describe our work on MgB,C,
to emphasize its claim as a high temperature supercon-
ductor. Further, we discuss our high pressure electronic
structure calculations with demonstration of phonon-
assisted ETT, for the first time, as the probable cause of
anomalies observed in the high pressure Raman and
transport data. Ab initio phonon calculations on MgB, at
high pressures show the importance of anharmonic and
nonlinear terms for estimating some of the phonon fre-
quencies.

Our ab initio electronic structure calculations® use the
Full Potential Linear Augmented Plane Wave (FPLAPW)
method as implemented in the WIEN2K code’. In our
methods we do not use the shape approximation for the
potential as both spherical and non-spherical components
of the potential have been taken into account in obtaining
the radial solutions of the Schrodinger equation inside the
muffin-tin spheres. The exchange-correlation terms in the
Kohn—Sham equation have been treated within the GGA®.

We calculate and minimize the total energy with res-
pect to the c/a ratio as well as the volume. Here a and ¢
are the lattice parameters of MgB, which crystallizes in
the hexagonal (AIB,) structure. We obtain the equilib-
rium volume to be 194.08 a.u. with a c¢/a ratio of 1.151 as
compared to the experimental values' of 196.04 a.u. and
1.142 respectively. We have fitted the calculated total
energies as a function of volume to a smooth function
whose derivatives we take to obtain pressure. The bulk
modulus B is found to be 148 GPa and compares well
with the measured”*” value of 152 GPa found from high
pressure X-ray diffraction studies. The bulk modulus
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value estimated by us is used to determine the sound
velocity ¢, which in turn enables us to obtain the Debye
temperature 6. We find 6p = 733 K whereas the experi-
mental values®?® mentioned for Op are 750 K and 1050 K.
The discrepancies in our values for the bulk modulus and
Op can be attributed to two reasons. First, we assume an
isotropic model for the phonons whereas the hexagonal
lattice of MgB, is highly anisotropic. Also renormaliza-
tion of the bulk modulus and sound velocity due to elect-
ron—phonon interactions as well as phonon anharmonicities
would tend to change these numbers. We thus find that
the structural properties of MgB, are described reasona-
bly well by the electronic band structure.

The electronic band structure calculated by us is in
general agreement with that obtained by other work-
ers'*”" and shows that the bands near the Fermi energy
are predominantly due to boron orbitals. There are four
bands which cross the Fermi level, thus giving rise to a
multi-sheeted Fermi surface for this compound. The
bands are plotted in Figure 1. Two of the bands arise
from the m-bonding and antibonding combinations of the
B—p, orbitals whereas the other two bands have their ori-
gin from the 6-bonding combinations of the B—sp” hybrid
orbitals. It is seen from Figure 1 that the o-bands are
degenerate and nearly flat along I'-A4 direction. These flat
bands largely contribute to the density of states near the
Fermi level, thus making a high transition temperature
possible.

We now describe our estimation of the superconduct-
ing transition temperature 7. The calculated density of
states at the Fermi level N(£f) enables us to calculate the
bare electronic specific heat coefficient ¥ using the relation
Yout = (1/3)T*N(Ep)kz”, which is found to be 1.7 mJ/mole-
K”. The estimates made of Yexp {Tom specific heat meas-
urements”*® vary from 2.6 mJ/mole-K* to 3 mJ/mole-K”.
Thus the mass enhancement factor (1 + A), where A is the
dimensionless electron—phonon coupling constant, is deter-
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Figure 1. Band structure of MgB; at ambient pressure along some

high symmetry directions. Er denotes the Fermi level.
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mined using the relation (1 + A) = Yep/You. This yields the
values A =0.53 and A =10.77 corresponding to the two
values of vy quoted above. We estimate 7, using the
McMillan formula

T, = (8/1.45)exp {~1.04(1 + A)/(—*(1 + 0.62M))}. (1)

Here Op is the Debye temperature which is determined
from lattice specific heat measurements. u* is the Cou-
lomb pseudopotential whose value is chosen to be 0.1 as
is conventional for s and p band superconductors. Thus
the choice A =0.53 and 6 = 750 K yields 7,=9.4 K. On
the other hand choosing the most favourable parameters
(A =0.77 and Bp = 1050 K) we obtain 7, to be 37 K. In
fact assuming the value of pu*, which is a poorly known
quantity, to be 0.093 leads to a T, of 39 K in this case.
The related compound AlIB, has in comparison one extra
electron per formula unit due to the replacement of diva-
lent Mg by trivalent Al. Within a rigid band picture, this
is expected to move the Fermi energy away from the flat
band feature, leading to a depletion in the density of
states at the Fermi energy. This provides a qualitative
explanation of the reduction in 7, seen experimentally’.

Our calculation of 7, has several limitations. The cal-
culations are performed assuming a single superconduct-
ing gap whereas it is quite probable®’ that MgB, is a true
multiband superconductor with different gaps on the ©
and 7 sheets of the Fermi surface. Further, MgB, has®®
very strong nonlinear electron—phonon coupling as well
as strong phonon anharmonicities, both of which effects
go beyond present-day formulations for 7, evaluation,
with indications that 6y in eq. (1) should be replaced by a
similar quantity based on the £,,-mode phonon frequency
only* (which however leads to marginal increase of 10%
in 7,). The A parameter has been calculated from first-
principles by some workers'**” but their results are simi-
lar to ours and yield a 7, of the correct size like in our
calculations. However none of these calculations incor-
porate the effects mentioned above.

The basic length scales which characterize a supercon-
ductor are the penetration depth and coherence length.
The former is the length scale over which magnetic fields
vary whereas the latter is the length scale over which the
superconducting order parameter varies. Employing lin-
ear response theory (see ref. 21 for details) we find that
the current J is related to the transverse vector potential
A by the relation

Jo =—PopAp, (2)

where a summation over repeated indices is implied and
péﬁ is the superfluid density tensor. The London pene-
tration depth A4 along the direction « (p;B is found to be
a diagonal tensor to a very good approximation) is given
by A =4mps, /c.

Our calculations are performed at T =0 K where the
paramagnetic contribution to pgﬁ vanishes due to the
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presence of a gap in the quasiparticle excitation spec-
trum. pgﬁ is easily evaluated from our previously calcu-
lated band energies (see ref. 21 for details). We do the
calculation separately for one and two gap situations. In
the former case, we assume a uniform gap A(7=0)=5 meV
to have opened up over all four sheets of the Fermi sur-
face whereas in the latter case, following Golubov et
al ™, we take the larger gap A(7 =0) = 6.2 meV to have
opened over the o-sheets and the smaller gap Ay(7=0) =
2.7 meV to have opened over the m-sheets. We find that
the zero temperature value of the penetration depth is
insensitive to the one or two gap scenarios. We obtain the
in-plane penetration depth A,, ~ 86.12 A whereas the c-
axis penetration depth is given by A, ~ 306.42 A. These
values are smaller by a factor of 10 compared to the
measured values®. To evaluate the coherence length we
make use of the BCS relation for an isotropic supercon-
ductor &= hvp/2nA. We assume this relation to hold
locally at each k-point on the four Fermi sheets. We
therefore calculate the Fermi surface average of |V g,(K)|/
A, on each of the four Fermi sheets. The coherence
length is then obtained as a weighted sum of the lengths
calculated on each sheet with weights D,(0)/D(0). Here
D,(0) is the density of states at the Fermi energy due to
the nth band and D,(0) is the total density of states at the
Fermi energy. We find that the 7= 0 K coherence length
is different in the one gap and two gap situations. In the
case of uniform gap we find &;~255 A whereas in the
presence of two gaps, & ~ 377 A. These values of the co-
herence length are larger by a factor of 4 to 5 from the
coherence length extracted from upper critical field
measurements’.

The disagreement between our calculated values of A
and & and their measured values indicates the inadequacy
of the density functional-based electronic band structure
results in evaluating the superconducting state properties
of MgB,. Thus it seems that mass renormalization effects
due to the strong electron—phonon coupling, believed to
be present in this material, need to be included. Also of
importance are impurity effects which tend to increase
the value of A and decrease the value of & Thus our
results are highly suggestive that MgB, is not a clean
superconductor.

The occurrence of high temperature superconductivity
in MgB, has led to an intense search for other possible
compounds with light elements that could exhibit even
higher transition temperatures. Early theoretical studies'®
on diborides were based on the replacement of Mg by an
alkali atom but all efforts to synthesize such compounds
have failed. Another possibility that has been explored'’
is the compound Liys BC, which has BC-planes similar
to B-planes in MgB,, but experimentally it has not even
been possible to metallize hole-doped LiBC because of
the disorder induced while doping®. As an alternative,
we have recently considered’’ hole-doped MgB,C, as a
candidate for high temperature superconductivity, which
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we expect to be structurally less disordered than doped
LiBC. MgB,C, forms in an orthorhombic structure with a
unit cell that contains graphite-like, but slightly puck-
ered, B—C layers. There is a charge transfer from the Mg
atoms to the B-C layers whose charge counterbalances
the Mg®" cations.

Our band structure calculations reveal that the parent
compound MgB,C, is a band insulator. The bands near
the Fermi energy are plotted in Figure 2. Due to a flat
band feature seen along the I'-Z direction the introduc-
tion of holes in MgB,C, gives rise to a pocket of holes
with a quasi-two dimensional character and a near cylin-
drical Fermi surface as in MgB,. The quasi-two dimen-
sional character of the holes implies that if we ignore the
k, dispersion we have a constant density of states for the
doped holes, leading to a large density of states at the
Fermi energy even for small hole concentrations.

In our calculations we introduced holes by substituting
Mg by Li, Na and K. There are two inequivalent Mg
positions in the unit cell of the parent compound and so
we substituted the alkali atoms at one of the sites prefe-
rentially. For the Na-doped material we have also done
the calculations with Virtual Crystal Approximation
(VCA)™. In the latter case we also carried out the calcu-
lation for 10% hole doping. Although hole doping causes
a slight rearrangement of the bands, the crucial flat band
features along the I'-Z direction and the R-S direction
remain intact. In Figure 3 we plot N(e), the total electronic
density of states per unit volume per spin in the doped
compounds. We find that N(eg) = 0.0564/Ry-a.u. for 50%
Li doping; 0.07149/Ry-a.u. for 50% Na doping, and 0.0794/
Ry-a.u. for 50% K doping as compared”' to 0.0503/Ry-
a.u. in MgB,. The VCA calculation yields N(eg) = 0.0570/
Ry-a.u. and N(ep) = 0.0466/Ry-a.u. for 50% and 10% Na
doping respectively. Thus in all hole-doped variants of
MgB,C,, N(er) is comparable to that in MgB,.

We have also made crude estimates of the transition
temperature 7, using approximate estimates of A based on
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Figure 2. Band structure of MgB,C; along some high symmetry dire-
ctions at ambient pressure.
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a comparison of our calculated N(er) with its value in
MgB,. We estimate 7, =47 K for the Li-doped com-
pound, 7, = 69 K for Na doping (7, = 48 K for 50% Na
doping in the VCA and 7, = 31 K for 10% Na doping in
the VCA) and 7, = 79 K for K substitution. It is interest-
ing to notice that for 10% Na doping the Fermi energy
lies just below a peak in N(g). There is thus a possibility
of tuning the doping concentration to obtain an even
higher 7. Alkali-doped MgB,C, might be expected to be
a strong candidate for observing superconductivity with a
high transition temperature.

One may note here that technically more sound methods
like coherent potential approximation or its improve-
ments exist for the electronic structure studies on disor-
dered alloys™. But the quasi two-dimensional character
of the B—C states near the Fermi level being responsible
for superconductivity, and the alkali atom substitution of
the sites being in the Mg-plane, with no narrow bands
involved, the VCA is expected to be adequate.
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As mentioned earlier, Raman measurements'”!! of the
E,, phonon frequency under high pressure have revealed
an interesting anomaly near 18 GPa. Early measurements
by Meletov e al.'” found that the frequency of the Ey,
mode increases linearly with pressure. However the slope
of the variation changed discontinuously at 5 GPa and
again near 18 GPa. The first change was attributed by
them to have extrinsic origins whereas the latter anomaly
was a genuine effect most probably due to an electronic
topological transition, especially as structural transitions
were not observed in the X-ray diffraction studies'>*.
Their results were confirmed by Goncharov and Struzh-
kin'' who also observed a phonon anomaly near 18 GPa
although they found the variation of the phonon fre-
quency with pressure to be nonlinear. Further, the T,
variation with pressure also showed'' an anomaly near
18 GPa.

In order to get an independent verification of this
anomaly, electrical resistance measurements were carried
out as a function of applied pressure by the recently
commissioned technique in a diamond anvil cell in our
laboratory (see ref. 12 for experimental details). These
measurements, while loading as well as unloading, revea-
led that the resistance decreases continuously with applied
pressure up to 18 GPa when it shows a discontinuous fall
by almost 33%. Thus the resistance measurements also
corroborate the phonon anomaly.

To obtain an understanding of the nature of the anom-
aly we performed electronic structure calculations of
MgB, under compression as no high pressure band struc-
ture has been reported so far in the literature. We found
that although the bands move about a little, there is no
ETT for the static high pressure equilibrium positions of
atoms. We therefore turned our attention to the possibil-
ity of phonon-assisted ETT. To explore this possibility
we initially performed the band structure calculation at
ambient pressure with a frozen-in displacement corre-
sponding to the £,, phonon mode. The root mean square
(rm.s.) B atom displacement was chosen to be 0.06 A.
There is a splitting of the 6-bands along the T'-4 direc-
tion with the lower band intercepting the Fermi level. The
band structure is shown in Figure 4. The results are in
agreement with those obtained earlier by An and Pickett'*
who took 0.057 A as the r.m.s. displacement. To approxi-
mately estimate the B atom displacement at 18 GPa, we
assumed that the energy in each mode is characterized by
the temperature, as in harmonic vibration, and use the
relation Q%(ué) :Q}%(u}%) where Qp is the phonon fre-
quency and up the B-atom displacement at a pressure P.

To proceed further we calculated the E,, phonon fre-
quency at the I'-point using the plane wave self-consis-
tent field (PWSCF) method™. At the harmonic level we
find a linear variation of the frequency with pressure. Our
results for the phonon frequency as a function of pressure
are plotted in Figure 5. There is no anomaly seen near
18 GPa. The values of the phonon frequencies too are
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smaller than those experimentally observed throughout
the pressure range considered by us. It is known®® that
anharmonic effects, which are believed to be strong, have
the effect of hardening the phonon frequency. Having
estimated the phonon frequency we are now in a position
to get an r.m.s. value of 0.047 A for the B-atom displace-
ment at 18 GPa. Using this number we once again calcu-
late the band structure. The obtained band structure is
shown in Figure 6. Along the I'-4 direction, the lower
split 6-band almost touches the Fermi level. This result is
an indication that there is a phonon-assisted ETT at high
pressure, around 20 GPa (as this flat band along I'-4,
though split, does not intersect the Fermi level), which is
close to the pressure at which anomalies are seen in the
variations of k,, mode phonon frequency, resistivity, and
T.. Note however that these first principles results and the
nature of ETT are to some extent different from the
model suggested by Goncharov and Struzhkin'.

Thus phonon-assisted ETT is the probable cause of the
anomalies seen in the phonon spectrum and the electrical
resistance. However to obtain the phonon anomaly in our
first principles calculations of the phonon spectrum
requires inclusion of anharmonic effects. Anharmonic
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Figure 4. Band structure of MgB, with a frozen-in E,; phonon-mode

displacement at ambient pressure.
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corrections to the phonon frequencies in MgB, have been
reported at ambient pressure’’”®. These studies indicate
that the quartic term is dominant and has the effect of
hardening the phonon frequencies. The discrepancy bet-
ween our calculated harmonic frequencies and the experi-
mental values indicates that the anharmonic effects
initially increase with pressure until at high pressures
there is a kind of saturation effect, and although the
measured phonon frequencies are larger than the theo-
retical values, both curves are parallel when plotted as a
function of pressure (Figure 5). Further, there may be a
large contribution to the Raman mode frequency from the
strong electron—phonon coupling present in MgB,, which
is difficult to calculate because of the nonlinear nature of
the coupling”. Improvements in the theoretical tech-
niques to include the second order perturbation terms in
the electron orbitals may be necessary for estimating fur-
ther details of anharmonic and nonlinear terms, and in
obtaining the signatures of ETT in the phonon spectra.
Note that anomalies due to ETT are less pronounced than
those pertinent to the conventional phase transitions, and
hence accurate calculations and innovative techniques
may be needed to obtain their signatures™. Thus anoma-
lies seen in MgB, emphasize the significance of high
pressure studies in leading to new avenues in the theo-
retical and computational developments based on the first
principles calculations.

In conclusion, MgB, is an electron—phonon supercon-
ductor. However the presence of strong nonlinear elec-
tron—phonon coupling as well as strong anharmonicities
in the phonon spectrum make it a difficult job to predict
its properties from first-principles theories. The possible
presence of two superconducting gaps is an added com-
plication. We have attributed the observed high pressure
anomalies in MgB, around 18 GPa to phonon-assisted
ETT by carrying out, for the first time, the high pressure
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Figure 6. Band structure of MgB, with a frozen in E,; phonon dis-

placement at 18 GPa.

electronic structure calculations with frozen-in E,, pho-
non mode displacements of atoms. Our ab initio high
pressure phonon calculations, based on the density func-
tional perturbation theory, do not show the observed high
pressure anomaly near 18 GPa. Thus our high pressure
studies point out the need to include anharmonic and/or
nonlinear terms in the first principles-based estimates,
especially in evaluating effects of relatively less notice-
able phenomena like ETT. The occurrence of high tem-
perature superconductivity in MgB, holds out hope that
other similar materials with light atoms could exhibit
high transition temperatures as well, and we have demon-
strated, by the electronic structure calculations, that alkali-
doped MgB,C, is a prime candidate for this.
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High pressure studies on a nematogen
with highly polar molecules: Evidence
for a nematic—nematic transition®
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We have modified a high pressure optical set-up to
enable measurements on the optical path difference of
aligned liquid crystals. We present the phase diagram
of a polar nematogen, viz. p-cyanophenyl p-n heptyl-
benzoate which is shown to exhibit a nematic (Ng) to
nematic (N,) transition in the bulk at elevated pressures.
We have also measured the temperature variations of
the orientational order parameter (S) at various pres-
sures to find that § has constant values at both the
nematic to isotropic and Ny to N, transitions at differ-
ent pressures.

LiQuiD crystals (LCs) made of rod-like molecules with
polar end groups exhibit interesting phase sequences like
smectic polymorphism, the reentrant nematic phase dou-
ble reentrance, etc.'”. Both phenomenological and mole-
cular theoretical models have been developed to explain
these phenomena'. In uniaxial nematics (), the long axes
of the molecules are oriented on the average about the
director 72, which is a dimensionless apolar unit vector.
The apolar nature of the director in nematogens with highly
polar end groups can be understood, as the molecules
have an anti-parallel short-range order in the medium’.
Smectic A (SmA) LCs have a layering order, with the
layer normal (Z) being parallel to 7. In polar com-
pounds which exhibit reentrant N and SmA phases, the
high temperature smectic A4 (SmAy) phase has partial
bilayer order with /<d <2 [, where [ is the molecular
length, and 4 the layer spacing. The low temperature
smectic A; (SmA ) phase has a layer spacing equal to the
monomolecular length, i.e. 4 = /. The unusual pheno-
mena exhibited by highly polar compounds have been
successfully explained by Prost and co-workers using a
phenomenological Landau theory. This model’ takes into
account the coupling between two smectic order para-
meters corresponding to the two lengths mentioned above.
One of the consequences of this model is the prediction
of an Ny to N; transition line in continuation of the SmA4
to SmA, transition line, the latter being characterized
by an appropriate jump in the layer spacing. Indeed, such
an N-N transition has been found as a continuation of
the SmA;—-SmA, transition line in the concentration—
temperature phase diagram of a binary mixture of polar

*Dedicated to Prof. S. Ramaseshan on his 80th birthday.
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